Abstract Four different types of porous carbon nanofibers (CNFs), plain, hollow, multi-channel (MC), and hollowed MC, were fabricated using coaxial electrospinning and thermal treatment for supercapacitor electrodes. The influence of the porosity on the specific surface area (SSA), pore volumes, and electrochemical propoerties of porous CNFs were investigated. The comparisons of their properties are a valuable work with same methods, becuase electrochemical performances are depending on the measurement conditions. Among them, the hollowed MC CNF structure was indicated the highest SSA and pore volumes. In addition, their hybrid structures with multi-walled carbon nanotubes (MWCNTs) were analyzed in therms of their porosity, SSA, and electrochemical properties for supercapacitors (specific capacitance and long-term cycling). These hybrid structures can improve overall porosity and electrochemical propoerties due to the extra mesoporous structures formed by entangling MWCNTs. In conclusion, these porous CNFs have a promising potential for various fields which need high porosity and SSA, and can be used as the platforms for catalysts, sensors, or energy devices.
Introduction
Supercapacitors, also known as ultracapacitors or electrochemical capacitors, have lower energy density and much higher power density than batteries and can be fully charged within a few seconds [1] . Supercapacitors are important for various applications such as uninterruptible power supplies, instant switches, portable electronics, regenerative braking systems, starter units, and industrial energy management [2] [3] [4] [5] . The supercapacitor is composed of electrolyte, separator, active material, and electrode. Typically supercapacitors can be classified for several types depending on the charge storage mechanism. Electrochemical double-layer capacitors (EDLCs), the most common devices at present, use carbonbased active materials with high surface area and chemical resistance. Another type of supercapacitors, pseudo-capacitors, utilizes reversible surface redox reactions of transition metal oxides for charge storage. The other type is the hybrid supercapacitor utilizing both active materials of EDLC and pseudo-capacitor. Among them, EDLCs have been widely studied because of their advantages such as cost-effectiveness, eco-friendly components, high-power density, and simple structures.
Carbon nanomaterials such as graphene, carbon nanotubes (CNTs), and carbon nanofibers (CNFs) have received a lot of attention due to their unique properties and a variety of potential applications [6] [7] [8] [9] [10] [11] [12] . Because of their chemical stability, low mass density, and high conductivity, carbon nanomaterials are widely used as the electrodes or the active materials in supercapacitors [13, 14] or Li-ion batteries [15] . Among them, one-dimensional (1D) carbon nanomaterials Electronic supplementary material The online version of this article (doi:10.1007/s10832-016-0055-9) contains supplementary material, which is available to authorized users.
* Seung-Hyun Hur shhur@unist.ac.kr * Jang-Ung Park jangung@unist.ac.kr such as CNTs and CNFs are actively studied because of their high specific surface area (SSA), simple functionalization and facile synthesis [16] . CNFs have more advantages than CNTs, such as being eco-friendly precursors [17] , easy nanostructuring process [18] , high aspect-ratio [19] , and cost-effective process [18] . Moreover, porous CNFs have received attention as a catalytic support [20] , electronic component [21] , hydrogen storage [22] , and biomedical applications [23] , due to their high performance based on higher SSA. CNFs can be easily synthesized by using electrospun polyacrylonitrile (PAN) nanofibers. PAN is a well-known precursor for CNFs. The electrospinning technique has been actively researched due to the facile method to fabricate continuous 1D nanofibers with controllable submicron diameter [24] [25] [26] . There are various types of porous CNFs, such as hollow or multi-channel (MC) CNFs. In order to fabricate the porous CNFs, polymethylmethacrylate (PMMA) are blended with PAN and are pyrolyzed during the thermal treatment. The fabrication methods of porous CNFs have been reported as melt-spinning [27] , and coaxial electrospinning [28] . However, there is no overall comparison of porosity and electrochemical properties of them. In particular, supercapacitor using hollowed MC CNFs as electrode materials and its characteristics has not been reported. In addition, CNF/CNT hybrid provides a new structure in CNFs by entangling CNTs. The CNTs in CNF/CNT hybrid form the extra mesoporous network due to the entanglements between CNFs and CNTs which allow new pathway for ion transportation.
Here, we discuss the influence of the electrochemical and structural characteristics of the porous CNFs which is prepared from polymer precursors (PAN and PMMA) by using coaxial electrospinning with the liquid collector. Liquid collector has a higher throughput than the metal collector. First, we optimize the CNF diameter, and then porous CNFs are fabricated by using optimized diameter. Furthermore, we analyzed SSA, porosity, and specific capacitance of porous CNFs and its hybrid with MWCNT. The goal was to investigate the characteristics of porous CNFs and exploit the advantages of electrospun porous CNFs and CNT for electrical energy storage. PMMA with respect to the PAN were 50 wt.%. High-MW PMMA (Mw = 996 000) was dissolved in DMF to form a 10 wt.% solution as a hollow CNF precursor solution. All solutions were prepared by stirring for 4 h at 80°C and all chemicals were purchased from Sigma-Aldrich. All other experimental details are as in Methods of the Electronic Supplementary Material (ESM).
Results and discussion
To synthesize the porous CNFs, PAN-based nanofibers (PAN or PAN/PMMA), which are precursors of CNFs, were electrospun by using a coaxial electrospinning with a liquid collector (Fig. 1) . Coaxial electrospinning can be utilized with the electrospinnable shell solution as a guided solution which is dragged out the non-electrospinnable core solutions. This process is the same manner of electrospinning and powerful method to fabricate the functional nanofibers because nonelectrospinnable materials cannot be fabricated as the nanofibers by using electrospinning directly. In addition, the liquid collector disperses the excess charges of the electrospun nanofibers more than the metal collector. Thus, the liquid collector can obtain more nanofibers than the metal collector at the same electrospinning time because the excess charge of electrospun nanofibers prohibits the collecting of nanofibers by electrical repulsive force (Fig. S1 , ESM).
CNF can be synthesized by heating PAN-based nanofiber through stabilization and carbonization processes. The stabilization process has complex chemical reactions such as cyclization, dehydrogenation, and three-dimensional crosslinking [29] , and is accompanied by a color change from white to reddish brown [30] . At the same time, PMMAs in the PANbased nanofibers begins to pyrolyze. By heating to 850°C in an inert environment, we obtained a black web consisting of CNFs without activation process, in order to concentrate on the meso-and macroporous structures (Methods, ESM). To investigate the optimum CNF diameter as supercapacitor electrodes before pore structuring, the concentrations of plan CNF precursors were varied with 10, 12.5, 13.75, and 15 wt.%. As shown in Fig. 2(a) and (b) , the CNFs exhibit a plain structure, homogeneous diameter distributions, and high-aspect ratio morphology. As increasing the PAN concentrations of plain precursors, the CNFs diameters are increased from 101 ± 15 nm (10 wt.%, CNF 100 nm), 309 ± 19 nm (12.5 wt.%, CNF 300 nm), 513 ± 20 nm (13.75 wt.%, CNF 500 nm), and 708 ± 16 nm (15 wt.%, CNF 700 nm), respectively. The higher PAN concentration of plain precursor, the thicker the diameter of CNFs. this is due to polymer chain entanglement. The electrochemical characterization of plain CNFs was investigated by two-electrode cyclic voltammetry (CV) measurements. We evaluated the punched and pulverized CNFs as active materials and determined to use the pulverized CNFs because punched CNFs had a contact issue and low performance (Fig. S2, ESM) . The electrochemical cell was prepared by pulverized CNFs and then filtrated on the glass fiber filter (GF1-090, CHMI AB GROUP) as active materials, glass fiber filter as a separator, and stainless steel rods as current collectors (Fig. S3, ESM) . CV measurements are widely used to evaluate the supercapacitor performance and identify the specific capacitance of the electrochemical cell. The specific capacitance was calculated based on the mass of CNFs within the electrodes [31, 32] . Figure 2(c) indicates the specific capacitance curves as a function of scan rates about the CNFs of various diameters. The scan rates are varied from 2 to 50 mV/s. The thicker diameter CNFs (CNF 500 nm and CNF 700 nm) display a high specific capacitance compared to the thinner CNFs (CNF 100 nm and CNF 300 nm). The specific capacitance values, which provide an effective way to investigate the performance of supercapacitor active materials, were obtained from the CV results. We determined the CNF 500 nm, which had high-performance with compare to others, and formed the MC, hollow, and hollowed MC nanostructures.
To evaluate the characteristics of porous CNFs, cross-sections, porosities, and specific capacitances of porous CNFs were analyzed. Figure 3 shows the schematics and cross-section SEM images of porous CNFs. There are four types of as-spun state PAN-based nanofibers. Specifically, plain and MC CNFs were prepared by electrospinning, and low-molecular-weight (low-MW) PMMAs in the MC CNF precursor solution were removed by thermal treatment during the carbonization, which is very crucial for structuring CNFs. There are two polymers (low-MW PMMA and PAN) in MC CNF precursor solution and they are physically separated due to their individual properties (surface tension, elasticity, and viscosity). The low-MW PMMA solution droplets are dispersed in the MC CNF precursor solution (Fig. S4, ESM) and during the electrospinning process, they are elongated and become thinner due to the stretching force by the electrical field. As mentioned above, the thermal carbonization results in pyrolysis of PMMAs, thus eliminating them. However, the volumes make the number of nanochannels on the PAN nanofiber surfaces [18] , because stabilized PAN nanofibers maintain their structures during the carbonization process (Fig. S5, ESM) . Hollow and hollowed MC CNFs were prepared by coaxial electrospinning with same solutions of plain and MC CNF precursors. Shell solutions were plain or MC CNF precursor and core solution was hollow CNF precursor. High-molecular-weight (high-MW) PMMAs in the PAN-based nanofibers were also easily removed during the thermal treatment process.
The structures of thermally treated porous CNFs was welldefined. The plain CNF cross-section exhibits a smooth morphology and outer surface without nanostructures. In order to increase the electrical double layer capacitance, an increase in the SSA is needed. Hollow CNF looks like plain CNF with a single macrochannel in the middle. The hollow CNF crosssection has a hollow core in a CNF and it is clearly visible. MC CNF has the number of nanopores and interestingly, the MC CNF cross-section indicates the number of nanopores with bumpy outer surfaces. The uneven surface morphologies of MC and hollowed MC CNFs are related to homogeneously dispersed low-MW PMMAs in a MC CNF precursor solution. This well-dispersed low-MW PMMAs form micro-channels in the PAN-based nanofibers, and even nanofiber-air interfaces. The hollowed MC CNF cross-section clearly shows a single macrochannel and the number of mesochannels.
In order to analyze the porous structures and size distributions of porous CNFs, the nitrogen (N 2 ) adsorption/desorption isotherms were measured by Brunauer-Emmet-Teller (BET) method. As shown in Fig. 4(a) , the isotherms of plain and hollow CNFs appeared to be similar to the type I hysteresis (microporous) and the MC and hollowed MC CNFs exhibited type IV hysteresis (mesoporous). N 2 adsorption hysteresis loops of plain and hollow CNFs are relatively lower than others, because the plain and hollow CNFs have no distinct porosity and micropores. On the other hand, the isotherm hysteresis of MC and hollowed MC indicates a sharp increase at relatively high pressure (P/P 0 > 0.9) based on the existences of meso-and macropores. Figure 4(b) shows the pore size distributions of the four types of CNFs from the Barrett-JoynerHalenda (BJH) method. In particular, MC and hollowed MC CNFs have a wide range of mesopores and hollowed MC CNFs obviously shows the macropore. MC and hollowed MC CNFs have a remarkable porosity compared to the plain and hollow CNFs. Table 1 summarizes the BET results such as SSA, pore volumes, and average pore size of the four types of CNF. In order to identify the effects of SSA and porosity of porous CNFs, CV characteristics were evaluated. As shown in Fig. 4(c) , the specific capacitance of plain CNF has lowperformance compared to other types of CNF, and the specific capacitance of hollow CNF is higher than plain CNF though their adsorption surface area is similar. Hollow CNF and (Table S1 , ESM) because electrochemical performances are highly depending on measurement conditions [33] . Therefore, it is important that electrochemical performances of various types CNFs are demonstrated with same measurement conditions for comparison each CNF.
In order to ameliorate the electrochemical performances of CNF electrodes, CNF/MWCNT hybrid structure was fabricated by mixing MWCNT with pulverized CNF. Figure 5(a) shows the schematic image of the CNF/MWCNT hybrid structure. MWCNTs were entangled with CNFs, and further mesopores were formed by entangled MWCNTs. Figure 5 To understand the advantages of CNT hybrid with respect to surface area and porosity, pore distributions based on N 2 adsorption/desorption isotherms were measured. Figure 5(c) shows the BJH adsorption pore distributions of hollowed MC CNF/MWCNT hybrid structures with respect to the CNT ratio. As the CNT ratio increases, pore volumes are also increased because meso-and macropores are enhanced by tangled CNTs. The electrochemical properties of hollowed MC CNF/MWCNT samples were investigated using the CV method. Effects of SSA and porosity of entangled MWCNTs are identified by CV results. The specific capacitance of hollowed MC CNF/MWCNT 10 wt.% hybrid structure has higher performance than compared to MWCNT 0 wt.% and 1 wt.%. Hollowed MC CNFs have increased specific capacitance with meso-and macropores. Moreover, characteristic of scan rates is improved by hybridized MWCNT. As shown in Fig. 5(d) , the specific Fig. 4 (a) BET isotherms, (b) pore distributions, and (c) specific capacitance as a function of scan rates about plain, hollow, MC, and hollowed MC CNFs To analyze the electrochemical characteristics of supercapacitor with hollowed MC CNF/MWCNT hybrid electrode, CV, electrochemical impedance spectroscopy (EIS), charge-discharge (CD), and cycle test were performed Figure 6(a) shows the CV curves of 0 and 10 wt.% of MWCNT samples. The CV tests were carried out over the voltage range of 0 to 1.0 V with 5 mV/s scan rate in a 1 M H 2 SO 4 aqueous solution. The CV curves for hollowed MC CNF and hollowed MC CNF/MWCNT 10 wt.% show nearly perfect rectangular shapes, implying good capacitor behaviors. As the MWCNT concentration increase from 0 to 10 wt.%, the enclosed area (V × I) of the CV curve represents the power density is increased because of high surface area with enhanced mesopores, high electrical conductivity, and three-dimensional CNF structures as better morphology suitable for EDLC. Figure 6(b) shows the CD curves of hollowed MC CNF and hollowed MC CNF/ MWCNT 10 wt.% electrodes at a constant current density of 1 A/g. Their charge/discharge efficiencies are 92 and 97 %, respectively. In order to analyze the effect of internal resistance and interfacial contact resistance of hollowed MC CNF and hollowed MC CNF/MWCNT hybrid, EIS analysis was carried out. The Nyquist plots of the hollowed MC CNF and its hybrid electrodes are shown in Fig. 6(c) , which indicate the internal resistance. The semicircle diameter of the hollowed MC CNF/MWCNT hybrid, which shows the internal resistance and the interrupted degree of ion transfer, is twice as low as the semicircle diameter of hollowed MC CNF electrodes. These results mean that MWCNT enhanced the mesoporosity of hybrid structures with higher specific capacitance and reduced the contact resistance between the hollowed MC CNF because the electrical conductivity of MWCNT is higher than CNF. The electrochemical stability of electrode materials is a crucial issue for utilizing energy storage applications. In order to evaluate the cyclic characteristic of the hollowed MC CNF and its hybrid as supercapacitor electrodes, CV cycle test was performed in a 1 M H 2 SO 4 aqueous solution over 1000 cycles at 50 mV/s between 0 and 1.0 V. Figure 6(d) shows the cycle stability of hollowed MC CNF and its hybrid. At the end of 1000 cycles, MWCNT 10 % hybrid electrode retained 91 % of its initial specific capacitance and confirmed the improved stability with respect to hollowed MC CNF electrodes.
Conclusions
In conclusions, we demonstrate here a comprehensive study to optimize the porous CNF as supercapacitor electrodes, using coaxial electrospinning with the liquid collector. The diameter controlled CNFs and the four types of porous CNFs are successfully fabricated by thermal carbonization and blended polymers. Furthermore, the hollowed MC CNFs show high SSA and porous structure, compare to other CNFs. Moreover, the formation of the hollowed MC CNF/MWCNT nanostructures increases the meso-and macropores because of tangled MWCNTs, thereby improving the pore volumes, specific capacitance, and cyclic stability (91 % retention). The hollowed MC CNF/MWCNT hybrid structures can be utilized by supercapacitor electrodes; in addition, its high SSA and large pore volume are including substantial potentials.
